Collinear diffraction of a strongly divergent optical beam by a monochromatic acoustic wave is investigated theoretically and experimentally. Three-dimensional patterns of acousto-optic (AO) phase matching are calculated and their transformation with varying acoustic frequency and ultrasound propagation direction is analysed. Two effects are discussed which appear at spectral collinear filtration of optical images, namely distortion of filtered image structure and spectral resolution deterioration. It is shown that the effects result in contradictory requirements on AO cell parameters. However, a compromise is possible which allows filtering of high-spatial-resolution images with an acceptable reduction in spectral resolution. Experimental results on diffraction of a strongly divergent He-Ne laser beam in a CaMoO 4 AO cell are also presented in this paper.
Introduction
In the majority of studies on acousto-optics the effect of acousto-optic (AO) interaction has been treated as a two-dimensional problem [1] [2] [3] [4] . This is not surprising since the distinguishing features of the effect, such as Bragg angles and spectral and frequency selectivity, are defined by characteristics of acoustic and optical beams in the plane passing through the beams (the so-called AO interaction plane). The progress in AO methods of information processing, especially optical image processing, necessitated consideration of AO problems in a threedimensional approach. To date such investigations are few in number [5] [6] [7] [8] [9] [10] [11] [12] and do not give a comprehensive idea of three-dimensional AO interaction peculiarities because the diffraction problem has been solved for small divergence of interacting beams in an isotropic medium and for specific cases of an anisotropic medium. This paper is devoted to analysis of a general threedimensional pattern of AO phase matching in uniaxial crystals and its transformation with varying ultrasound frequency and acoustic wave propagation direction. Based on this consideration one can imagine the diffracted beam structure for any variant of light passing through the acoustic field in the uniaxial crystals.
Most attention is concentrated on collinear diffraction of light and on explanation of an unusual diffracted beam structure that was first observed in our experiment carried out with a CaMoO 4 cell. Collinear AO interaction is widely utilized in tunable AO filters [13] [14] [15] [16] . In comparison with non-collinear filters [17] [18] [19] , the collinear ones permit, due to a large AO interaction length, more spectral resolution in collimated optical beams. However, these devices are not considered as very suitable for filtration of divergent beams, specifically beams carrying optical images [2] . It is common knowledge that the finer the details contained in the image, the more divergent is the beam. Thus, examining collinear filtration of images naturally leads to the problem of AO diffraction of strongly divergent optical beams. In our analysis, two effects have been taken into consideration which appear at spectral filtration of optical images, namely, distortion of filtered image structure and spectral resolution reduction. Attempts to diminish the effects result in contradictory requirements on AO cell parameters.
Experimental results
A schematic diagram of the experimental system is shown in figure 1 . In the experiment we used an AO cell fabricated from a CaMoO 4 single crystal with a standard collinear filter configuration [13] . The ultrasonic wave was first excited along the crystallographic Z axis (optical axis of the crystal) in the form of a longitudinal acoustic mode, which then, after reflection from the input optical face of the cell, was transformed into a shear mode propagating along the X axis. The progressive wave regime was ensured by an acoustic absorber displaced at the output end of the cell. A He-Ne laser beam passed through the cell near the X axis and diffracted in the acoustic field with change in polarization (anisotropic diffraction). The optical beam was first expanded by a telescope up to 3 cm in diameter and then focused in the centre of the filter cell. The beam divergence angle δ approximated 15
• . The AO interaction length along the X axis l was about 4 cm. Two prisms were employed to compensate refraction of light at the input and output faces of the CaMoO 4 cell. The incident beam polarization (ordinary or extraordinary) was given by a polarizer and the separation of the zeroth and first diffraction orders was performed, as usual, by an analyser situated at the cell output.
Calcium molybdate relates to basic AO materials employed for making collinear filters. In addition to good AO properties, calcium molybdate is distinguished by a small difference of the refractive indices n o and n e (n o = 1.991, n e = 2.001). Due to this peculiarity the operating frequencies of ultrasound fall within the range that is well developed in present-day acousto-optics. The collinear phase matching frequency is defined by the relationship [2, 3] 
where v is the sound velocity and λ is the optical wavelength. For λ = 632.8 nm and a shear acoustic wave propagating along the X axis (v = 2.95 × 10 5 cm s −1 ). Equation (1) gives f c = 46.62 MHz. Figure 2 presents diffracted field patterns that were observed on the output screen. Photographs (a), (b) and (c) were obtained at different acoustic frequencies f . Photograph (b) corresponds to a frequency close to the collinear phase matching frequency f c . In this case, the diffracted field had a crosslike form with the rays oriented at 45
• to the Y and Z axes of the CaMoO 4 crystal. The crystal edge prevented us from observing the cross throughout, so only its right-hand part is seen in the photograph. With decreasing frequency the cross was split into two arcs, which moved in opposite directions along the Z axis (photograph a). If the frequency increased, the cross was divided into two arcs, which moved apart along the Y axis (photograph (c)).
It should be pointed out that the experiment revealed a certain difference between theoretical and experimental values of the frequency at which the cross appeared (46.62 and 43.61 MHz accordingly). Subsequent theoretical examination has shown that the discrepancy was caused by a mistake in crystal orientation of the cell (see below). where k i and k d are the wavevectors of incident and diffracted light respectively and η is the phase mismatch vector (see e.g. [2, p 102]). In the collinear filter, the vector η is collinear with the vector K. The wavevector diagram corresponding to equation (2) is depicted in figure 3 . The efficiency of AO diffraction ς is defined by the coupling coefficient q, which is proportional to acoustic wave amplitude, and by the mismatch parameter η. In the Bragg regime of AO interaction, the diffraction efficiency for every optical angular component can be determined as [1, 2] 
Thus, to calculate the diffracted beam pattern, we should take into account, first, photoelastic effect anisotropy and, second, anisotropy of the phase mismatch that follows from equation (2):
Here n i and n d are the refractive indices of incident and diffracted light and ϑ i is the incidence angle measured from the vector K (in contrast to the conventional practice when the angles ϑ i are reckoned from the acoustic wavefront). We introduce the system of coordinates xyz rotated with respect to the crystallographic axes XY Z through the angle α round the Y axis (figure 3). Supposing for definiteness that the incident light is extraordinarily polarized, one can obtain the following expressions for the refractive indices:
where ϕ is the azimuth angle in the plane yz measured from the z axis.
Spatial pattern of phase matching
The phase matching condition η = 0 determines the Bragg angle ϑ B ; its frequency dependence follows from the equation where n i is defined by equation (6) • − α. This point corresponds to the optical beam propagating along the optical axis of the crystal. With increasing α the collinear phase matching frequency f c shifts to zero because the difference between n i and n d decreases. Because of elastic anisotropy of the crystal the sound velocity v depends on the angle α. This effect was also taken into consideration in the calculations.
The plots presented in figure 4 make it possible to imagine a three-dimensional pattern of AO phase matching. Such patterns are shown in figure 5 for the same angles α as in figure 4 . The axis x defining the direction of collinear interaction corresponds to the centre of the polar diagrams. Magnitudes of the Bragg angle ϑ B are plotted along the radius and the polar angle represents the azimuth ϕ.
In the case α = 0 ( figure 5(a) ) the spatial structure of the Bragg angles is symmetrical relative to the xy and xz planes. If the acoustic frequency is rather low (f < f c ), the Bragg angles form two conical surfaces (curves 2). With increasing frequency the cones expand (curves 3) until they touch each other at the frequency of collinear phase matching (curve 1). At this frequency, in the vicinity of the axis x the Bragg angles form a spatial cross with the rays oriented at 45
• to the y and z axes. Further increasing the frequency leads to the appearance of a single cone with the directrix similar to an oval with a waist (curve 4).
A much more complicated situation takes place at α = 0. If α < 20
• , then there is some frequency range in which the Bragg angle pattern consists of two cones having different vertex angles ( figure 5(b) ). They touch at the frequency f > f c . The cross has an irregular shape and its centre is shifted from the x axis in the plane xz. If the angle α exceeds 20
• , the smaller cone disappears altogether ( figure 5(c) ).
Diffracted field pattern
The calculation of the diffracted field structure can be fulfilled by means of equation (3). Additionally, the change of diffracted wave direction in the process of AO interaction should be taken into account according to equation (2) . However, if the angle ϑ i is rather small (quasi-collinear interaction), the diffraction angles differ little from ϑ i . Therefore, the diffraction efficiency will peak approximately in the directions of the Bragg angles and fall off smoothly on moving away from these directions. Results of the diffracted field calculation are presented in figure 2 , α − γ . Here the bold lines show directions in which the diffraction efficiency attains a maximum and the thin lines indicate boundaries of the diffracted field where the light intensity halves from the maximum. Comparing these graphs with the photographs, one can note a good agreement between theory and experiment. A fine structure in the photographs is connected with side lobes of the sinc (•) function in equation (3) . The only distinction is that the centre of the cross in the experiment turns out to be shifted to the left of the direction of collinear diffraction. Based on the above analysis, we can argue that this effect was caused by a mistake in crystal orientation during AO cell fabrication. This is also confirmed by the fact that the acoustic frequency corresponding to appearance of the cross (f = 43.61 MHz) was lower than the calculated value (f c = 46.62 MHz).
Collinear filtration of divergent optical beam
Conventional applications of AO collinear filters imply operation with well collimated optical beams. In these cases the angular spectrum of the beam covers a small area near the centre of the cross in figure 2(b) . Therefore, the complicated structure of the diffracted field observed in our experiment practically does not affect AO filtration and the spectral resolution N = λ/ λ attains a maximum value N ≈ lf c /v [2, 3] . The situation changes essentially when the problem of optical image spectral filtration is posed. In this case, the diffracted field structure is superimposed on the image, thereby producing its distortions. For the effect to be described, an AO cell transfer function H (ϑ i , ϕ) was introduced in [20] . It was shown that the transfer function characterizes the angular S90 selectivity of AO interaction. Due to this selectivity, different plane-wave components of the image diffract variously in the acoustic field. The function H (ϑ i , ϕ) represents substantially a two-dimensional angular distribution of light at the cell output when the cell is illuminated by a spherical optical wave. In reality, our experiment has made it possible to visualize the transfer function, since the observed distribution of intensity was proportional to H 2 (ϑ i , ϕ). The transfer function takes various forms for different orders of diffraction; it depends also on the AO interaction regime and medium anisotropy [2, 20] . Generally the function H is complex. This means that both amplitude and phase distortions of image can arise during AO interaction. However, for the collinear filters in which only the Bragg diffraction regime is realized, the transfer function is purely real and has the form
(8) Unfortunately, there is no way to obtain the function H (ϑ i , ϕ) in an explicit form, but a numerical calculation based on equations (4)- (7) is rather simple. Such calculations have been carried out in this work. Boundaries of the diffracted field in figure 2 , α −γ , are cross-sections of the H function at the 3 dB level.
The transfer function not only distorts the filtered image structure, but reduces the filter spectral resolution as well. Figure 6 demonstrates the transmission functions of the filter T (λ) calculated for different optical beam divergences δ with the use of equation (8) . The narrowest curve corresponds to a well collimated beam when the spectral pass band λ achieves a minimum (approximately 8 Å at the 3 dB level in our experiment). With divergence increasing the spectral resolution falls; however, the filter becomes capable of filtering images to a better extent, because the spatial resolution grows, as shown by solid curve 1 in figure 7 . So, taking into consideration these peculiarities, one can optimize filter parameters for image filtration. For this purpose, we have presented by dashed curve 2 the product of spatial and spectral resolutions as a function of the divergence angle δ. It is seen that for our filter the optimum is positioned close to δ opt = 4.5
• . At this point, the spectral pass band is 16 Å (two times worse than for the collimated beam), but the spatial resolution exceeds 100 lines mm −1 .
Discussion
The calculations presented in the paper allows us to imagine the three-dimensional pattern of AO phase matching in the uniaxial crystal and its transformation with varying ultrasonic frequency and acoustic wave propagation direction. It should be emphasized that the polar diagrams displayed in figure 5 contain any variants of AO interaction geometry from collinear diffraction to the orthogonal one. Using these diagrams, one can easily realize the diffracted field structure in the case when an AO cell is illuminated by a divergent optical beam. For this purpose a circle should be outlined in a diagram such as that shown in figure 2 , α − γ . The centre of the circle is specified by the direction of the diffracted beam axis and the diameter is defined by the incident beam divergence. It is obvious that if the divergence does not exceed a few degrees, in most cases the diffracted field will appear as a stripe shifting with varying frequency. This stripe testifies to the anisotropy of AO angular selectivity. The selectivity is practically unavailable along the stripe and is maximal across the stripe. The stripe width is determined by the ultrasound frequency and the AO interaction length.
The selective properties of AO interaction permit us to perform the spatial filtration of optical images [2, 20] . Based on this effect, one can realize various types of image processing: visualization of phase objects [21] [22] [23] , image edge enhancement [24] [25] [26] [27] etc. As follows from figure 5 , the spatial transfer function in the majority of cases can be considered as one dimensional, so the processing of two-dimensional images requires two crossed AO cells disposed one by one [26] . There are only two exceptional cases. The first case corresponds to those areas in figure 5 where the curves of AO phase matching have a circle-like form. Here the transfer function H (ϑ i , ϕ) possesses axial symmetry. Therefore, for two-dimensional filtration of images to be accomplished, only one AO cell is required, as demonstrated in [27] . The second case accords with the areas where the transfer function has a crosslike form.
The angular selectivity of AO interaction results in two effects important for image filtering. First, the selectivity leads to distortions of the filtered image which are described by the function H (ϑ i , ϕ) . Second, the selectivity deteriorates spectral resolution of the filter. Our examination has shown that there is a compromise decision that enables filtering of high-spatial-resolution images with an acceptable reduction in spectral resolution.
